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Abstract. Ce 3d-4f resonant angle-resolved photoemission measurements on
CeCoGe1.2Si0.8 and CeCoSi2 have been performed to understand the Fermi surface
topology as a function of hybridization strength between Ce 4f - and conduction
electrons in heavy-fermion systems. We directly observe that the hole-like Ce 4f -Fermi
surfaces of CeCoSi2 is smaller than that of CeCoGe1.2Si0.8, indicating the evolution of
the Ce 4f -Fermi surface with the increase of the hybridization strength. In comparision
with LDA calculation, the Fermi surface variation cannot be understood even though
the overall electronic structure are roughly explained, indicating the importance of
strong correlation effects. We also discuss the relation between the Ce 4f -Fermi surface
variation and the Kondo peaks.
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21. Introduction
In Ce-based metals, the Fermi surface (FS) topology of strongly correlated Ce 4f -
electrons directly influences unusual physical properties such as heavy-fermion behavior
and quantum criticality [1, 2]. It has been revealed in many experimental and theoretical
studies that strongly correlated Ce 4f -electrons form large density of states at the Fermi
level (EF ) through the hybridization with conduction electrons (c-f hybridization). Such
large density of states is called Kondo resonance peak and is the origin of a large
effective mass of charge carriers in heavy-fermion systems [3, 4, 5, 6]. In addition,
as a function of the hybridization strength, their ground state changes from magnetic
to non-magnetic heavy-fermion via a quantum critical point (QCP) [7]. Recently, the
variation of Ce 4f -FS through QCP has been considered as a crucial phenomenon to
distinguish two contrast scenarios for the quantum criticality: One is a spin-density
wave (SDW) scenario [8] where the Ce 4f -FS changes continuously through QCP as in
CeRu2Si2 [9] and CeIn3 [10]. The other is a local quantum critical senario [11] where the
Ce 4f -FS changes discretely through QCP as in CeRhIn5 [12] and CeCu0.9Au0.1 [13].
Therefore, it is essential to understand how the FS of Ce 4f electrons forms and changes
as a function of hybridization strength. To this end, the angle-resolved photoemission
spectroscopy (ARPES) is one of the most promising experimental method because the
FS can be directly observed together with the band dispersion which provides a fruitful
information of the electronic structure [14]. By combining angle-resolved and resonance
photoemission spectroscopies on CeCoGe1.2Si0.8, we have clearly observed the dispersive
Kondo resonance peaks crossing EF in unoccupied regime, which form Ce 4f -FS though
the c-f hybridization [15]. This gives a good opportunity to study the Ce 4f -FS topology
as a function of hybridization strength. In this article, we study Ce 4f -FS topologies by
bulk-sensitive Ce 3d-4f resonant ARPES studies of CeCoGe1.2Si0.8 and CeCoSi2, which
are isostructural single crystals and have different hybridization strength.
2. Experimetal methods
Single crystalline samples, CeCoGe1.2Si0.8 and CeCoSi2, crystallized in the isostructural
orthorhombic CeNiSi2-type (Cmcm) structure. They were prepared by Bridgeman and
Czochralski methods with annealing at 900 ◦C for about one week. Laue pattern and
X-ray diffraction analysis confirm that the samples used in this study have a good
crystallization and are in single phase, respectively. Samples are categorized into non-
magnetic heavy-fermions and have different hybridization strength; CeCoSi2 has a larger
Kondo temperature (TK, an energy scale of c-f hybridization strength) rather than
CeCoGe1.2Si0.8 (TK ∼ 350 K [15]). In these systems, the increase of hybridization
strength is considered to be exclusively derived from the increase of chemical pressure
as in CeNiGe2−xSix systems, where the lattice constants are reduced without the change
of the Ni 3d state character near EF [16]. This provides an ideal condition to directly
compare the change of FSs caused by hybridization between the Ce 4f - and conduction
3bands. Ce 3d-4f resonant ARPES measurements have been performed at the BL23SU
of SPring-8. The photon energies for on- and off-resonant ARPES are set to be 886
and 879 eV from X-ray absorption spectra. Owing to the process of the resonant PES,
the on-resonant spectra mainly come from the Ce 4f -electronic structure and the off-
resonant spectra represent the electronic structure of non-4f-states [14]. Measurement
temperature and total energy resolution are about 20 K and 120 meV, respectively.
The clean surfaces in the (010) plane were prepared by in situ cleaving of single crystal
samples under a vacuum of 2 × 10−8 Pa. Sample cleanliness was checked by the absence
of the O 1s core-level spectrum. The EF of the sample was referred to that of Au film
and was calibrated by using Au 4f core-level peak.
3. Results and Discussion
Figures 1(a) and 1(c) are the intensity maps in the kx-kz plane, which are obtained by
integrating Ce 3d-4f on-resonant ARPES spectra from -0.1 to 0.1 eV, and represent
Ce 4f -FSs of CeCoGe1.2Si0.8 and CeCoSi2, respectively. Measured momentum planes
are depicted by the shaded planes in Brillouin zone (BZ) in Figs. 1(b) and 1(d) (for
details, see the figure caption). In both samples, we can observe the two types of FSs,
i. e. diamond-shaped FSs outside and unclear FSs inside. The diamond-shaped outside
FSs correspond to the FS of band 28 which have the strong two-dimensional electronic
structure as shown in Figs. 1(b) and 1(d). These have been also observed in Ce 4d-
4f resonant ARPES measurements on CeCoGe1.2Si0.8 [15]. On the other hand, we can
ascribe the inside FSs to those of band 26 and 27 which show weak two-dimensionality in
LDA calculation (not shown here), even though they are too ambiguous to compare FSs
between CeCoGe1.2Si0.8 and CeCoSi2. It seems that LDA calculation roughly explain
the overall FS topology of both CeCoGe1.2Si0.8 and CeCoSi2 as in many heavy-fermion
systems [17, 18]. But, to be precise, it is found that the size of the outside FSs between
two samples is different in ARPES while they are almost the same in LDA calculation
as shown in Figs. 1(b), 1(d), and 3(b). In order to understand the origin of the Ce
4f -FS variation, we here focus on the outside FSs which have strong two-dimensionality
in diamond-shape and are clearly observed to compare two samples.
Figures 2(a) and 2(b) [2(c) and 2(d)] are intensity plots of the off- and on-resonant
ARPES spectra of CeCoGe1.2Si0.8 [CeCoSi2] along a dashed line assigned in Fig. 1(a)
and 1(c), respectively: remind that the off-spectra represent the band dispersion of
conduction electrons and the on-spectra mainly do that of Ce 4f -electrons. In Ce 3d-4f
off-resonant ARPES spectra, we observe the nearly flat band around -1.2 eV and the
steep band near EF even though feature is not clear. The former corresponds to mainly
Co 3d band as shown in AIPES study of CeCoGe2 and band calculation [19, 20]. The
latter is the band composing the outside diamond-shaped FS in agreement with Ce 4d-
4f off-resonant ARPES results of CeCoGe1.2Si0.8 [15]. In Ce 3d-4f on-resonant ARPES
spectra, the large enhancement of the spectral weight of Ce 4f -bands near EF are clearly
observed where the conduction bands cross EF . Such electronic structure comes from
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Figure 1. (a),(c) Ce 4f -FSs of CeCoGe1.2Si0.8 and CeCoSi2 in the kz-kx plane
obtained from Ce 3d-4f on-resonant ARPES spectra. The open circles are obtained
from the minimum of second derivative of momentum distribution curves (MDCs)
at EF as shown in Fig. 2(e) and 2(f), and correspond to diamond shaped Ce 4f -
FS contours. (b),(d) The FSs of band 28 in the local-density approximation (LDA)
band calculation of CeCoGe2, which is a parent compound of CeCoGe1.2Si0.8 and
CeCoSi2. Shade areas depict the measured momentum planes estimated from the
equation, k⊥ = (2m/~2(Ekincos2θ+ V0))1/2 − k⊥photon, where m is the electron mass,
Ekin the kinetic energy of the photoelectron, V0 the inner potential (V0 = 15.8 eV), k⊥
the emission angle of the photoelectron relative to the surface normal and k⊥photon the
momentum of the incident photon perpendicular to the surface (k⊥photon ≈ 0.32 A˚−1
for the photon energy of 886 eV) [14]. The box represents the first Brillouin zone,
where ΓX 6≈ ΓZ ≈ 0.76 A˚−1 and ΓY ≈ 0.38 A˚−1.
hybridization between a renormalized Ce 4f -band just above EF and conduction bands
as in a periodic Anderson model (PAM) [15]. Figures 2(e) and 2(f) show the momentum
distribution curves (MDCs) at EF and the second derivative of them. We observe that
the peak width of CeCoGe1.2Si0.8 is larger than that of CeCoSi2 and seems not to be a
single peak. In general, the extreme values of the second derivative can be regarded as
the Fermi vector (kF ) where a band dispersion crosses EF [21]. We obtain the double
extreme values of MCD at kx(z) ∼ ±0.15 A˚−1 in CeCoGe1.2Si0.8, while there is only single
extreme value at kx(z) ∼ 0 A˚−1 in CeCoSi2. In comparison between the FS topologies
50.0 -0.40.4 0.0 -0.40.4
kz (Å
-1)
0.0
-0.5
-1.0
-1.5
0.0 -0.40.4 0.0 -0.40.4
E 
- E
F (
eV
)
kz (Å
-1)
ONOFF ONOFF
20 K 20 K
CeCoGe1.2Si0.8
(a) (b) (c) (d)
CeCoSi2
MDC at EF
2nd derivative
ON
0.6 0.4 0.2 0.0 -0.2 -0.4 -0.6
kz (Å
-1)
MDC at EF
2nd derivative
ON
kz (Å
-1)
0.6 0.4 0.2 0.0 -0.2 -0.4 -0.6
In
te
ns
ity
 (a
rb
. u
ni
ts
)
(f)(e)
low high
Figure 2. Intensity plots of Ce 3d-4f off- and on-resonant ARPES spectra represent
the band dispersion of conduction and f-electrons, respectively, along the indicated
the dashed-line shown in Figs. 1(a) and 1(c) [(a),(b) for CeCoGe1.2Si0.8; (c),(d) for
CeCoSi2]. The dashed lines are a guide to the eye for conduction bands. MDCs at EF
of on-resonance and their second derivatives are shown for (e) CeCoGe1.2Si0.8 and (f)
CeCoSi2. The extreme values of the second derivative stand for kF s.
[Figs. 1(a) and 1(c)], we recognize that the one kF of CeCoSi2 can be ascribed to the
superposition of the two kF s of CeCoGe1.2Si0.8.
Figure 3(a) is the plot of the superimposed FS contours of CeCoGe1.2Si0.8 and
CeCoSi2. It is clearly observed that the hole-like Ce 4f -FS of CeCoGe1.2Si0.8 is larger
than that of CeCoSi2. This reveals that the hole-like Ce 4f -FS shrinks with increasing
the hybridization strength; in other words, the Ce 4f -electrons, which participate in
the FSs, increase with the hybridization strength. On the other hand, in LDA band
calculations, the FS of CeCoGe2 is a little smaller than that of CeCoSi2 with almost the
same size, exhibiting an opposite tendency to the results of ARPES. This indicates that
the LDA band calculation is not sufficient to explain the observed Ce 4f -FS variation
in the different hybridization strength and that the strong correlation effects of Ce 4f -
electrons should be considered properly[17, 22].
In heavy-fermion systems, the hybridization of the strongly correlated Ce 4f -
electrons with conduction electrons causes the separation of the spectral weight of
Ce 4f -electrons into the coherent peak (Ce 4f 1; Kondo peak) around EF and the
incoherent peak (Ce 4f 0) around -2 eV [5, 6]. In addition, it has been reported in
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Figure 3. (a) Comparison of Ce 4f -Fermi surfaces between CeCoGe1.2Si0.8 (open
circles) and CeCoSi2 (solid circles). Raw FS-contours in Figs. 1(a) and 1(c) were a
little rotated to match the k-axis. Dashed- and solid-lines are guides for eyes. (b) In
LDA calculation, the FS contours of band 28 on the measured k-planes in ARPES (see
Figs. 1(b) and 1(d)) are almost same for CeCoGe1.2Si0.8 and CeCoSi2.
many photoemission experiments that the spectral weight of f 0 peak around -2 eV is
transferred to the weight of f 1 peak near EF with increasing the hybridization strength
[4, 5, 16, 19]. When we take it into account that both the Ce 4f spectral weight transfer
and the observed FS variation, it is suggestive that the portion of Ce 4f -electrons at
EF increases with the hybridization strength through the spectral weight transfer and
eventually the size of Ce 4f -FS changes.
For future study, the FS topologies of conduction electrons (non-Ce 4f -states)
should be investigated to comprehensively understand the whole electronic structure. It
is also meaningful that the Ce 4f -FS variation are reproduced by theoretical approach
such as a dynamical mean-field theory combining with LDA (LDA+DMFT) [22, 23].
4. Summary
We have performed Ce 3d-4f resonant ARPES experiments on CeCoGe1.2Si0.8 and
CeCoSi2 where the c-f hybridization is controlled by the substitution of Ge for Si.
The ARPES results reveal that the hole-like FS of Ce 4f -electrons become small as the
hybridization strength increases. This indicates that the contribution of Ce 4f -electrons
to FS increases with the hybridization strength. It is found that such fine variation of
Ce 4f -FS is not explained by the LDA band calculations, indicating the importance of
the strong correlation effects.
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